Exploring the regulatory mechanism played by endogenous rice miRNAs in defense responses against the blast disease is of great significance in both resistant variety breeding and disease control management. We identified rice defense-related miRNAs by comparing rice miRNA expression patterns before and after Magnaporthe oryzae strain Guy11 infection. We discovered that osa-miR164a expression reduced upon Guy11 infection at both early and late stages, which was perfectly associated with the induced expression of its target gene, OsNAC60. OsNAC60 encodes a transcription factor, over-expression of which enhanced defense responses, such as increased programmed cell death, greater ion leakage, more reactive oxygen species accumulation and callose deposition, and upregulation of defense-related genes. By using transgenic rice over-expressing osa-miR164a, and a transposon insertion mutant of OsNAC60, we showed that when the miR164a/OsNAC60 regulatory module was dysfunctional, rice developed significant susceptibility to Guy11 infection. The co-expression of OsNAC60 and osa-miR164a abolished the OsNAC60 activity, but not its synonymous mutant. We further validated that this regulatory module is conserved in plant resistance to multiple plant diseases, such as the rice sheath blight, tomato late blight, and soybean root and stem rot diseases. Our results demonstrate that the miR164a/OsNAC60 regulatory module manipulates rice defense responses to M. oryzae infection. This discovery is of great potential for resistant variety breeding and disease control to a broad spectrum of pathogens in the future.
INTRODUCTION
Rice is one of the most important staple foods for more than half of the world's population (Liu et al., 2013) . Rice blast caused by the fungal pathogen Magnaporthe oryzae is one of the most devastating diseases threatening rice production. Understanding the rice resistant mechanism to this disease is of great significance both scientifically and economically.
Along the plant-pathogen co-evolution, plants have developed rapid and effective immune responses that can recognize the pathogen-associated molecular patterns (PAMPs) and initiate the PAMP-triggered immunity (PTI). PTI is efficient in warding off a large number of potentially pathogenic microbes from invasion (Boller and Felix, 2009) . PTI includes reactive oxygen species (ROS) accumulation and callose deposition around the infection site, which is rapid but transient (Lam, 2004) . During co-evolution, successful pathogens have evolved effectors that can be delivered into plant cells and suppress PTI. In turn, plants have developed to recognize pathogen-delivered effectors through resistance (R) proteins (Boller and Felix, 2009; Boller and He, 2009; Dou and Zhou, 2012) , which are characterized by long-lasting and robust defense responses. This type of defense response is called effectortriggered immunity (ETI), which is frequently associated with hypersensitive responses (HR; Dangl and Jones, 2001; Martin et al., 2003; Ausubel, 2005; Chisholm et al., 2006; Jones and Dangl, 2006; Boller and Felix, 2009) .
In plant-fungal interaction, increasing evidence demonstrates that small RNAs (sRNAs) are involved in the regulation of plant defense responses (Padmanabhan et al., 2009; Katiyar-Agarwal et al., 2010) . sRNAs are short non-coding RNAs that can induce gene silencing at both the transcriptional level (via DNA methylation or chromatin modification) and post-transcriptional level (via mRNA degradation or translation inhibition; de Alba et al., 2013) . Based on their biogenesis and origin, sRNAs can be divided into microRNAs (miRNAs) and small interfering RNAs (siRNAs), both of which are involved in the regulation of diverse biological processes ranging from growth, development and reproduction, to responses to biotic and abiotic stresses (Katiyar-Agarwal et al., 2010; Chen, 2012; Khraiwesh et al., 2012) . Ath-miR393 is the first miRNA that was found to be associated with plant defense. Ath-miR393 can be induced by a PAMP molecule (flg22), and positively contributes to resistance against a virulent Pseudomonas syringae strain pv. tomato by silencing auxin receptors and suppressing auxin signaling (Navarro et al., 2006) . Also, over-expression of selected ath-miR160a, ath-miR398b and ath-miR773 led to altered callose deposition and bacterial resistance, suggesting they are involved in plant PTI signaling in Arabidopsis (Li et al., 2010) . Some miRNAs were found to guide the cleavage of the NBS-LRR type disease resistance (R) genes in Solanaceae and Leguminosae species, indicating that these miRNAs are potent regulators of ETI (Zhai et al., 2011; Li et al., 2012; Shivaprasad et al., 2012) . In rice, many miRNAs are also proposed to be involved in rice immunity against M. oryzae (Li et al., , 2017b , while the mechanism of how miRNA regulates plant immunity is mostly unknown.
The miR164 family is highly conserved in many plant species (Reinhart et al., 2002a) . In rice, the miR164 family comprises six members that generate four mature products (miR164a/b/f, miR164c, miR164d, miR164e). The miR164 family guides the cleavage of mRNAs of NAC (NAM/ATAF/CUC) genes. NAC proteins represent a sizeable plant-specific transcription factor (TF) family that regulates plant development and stress response (Puranik et al., 2012) . To date, 151 NAC genes have been identified in rice (Souer et al., 1996; Aida et al., 1997) . Most NACs are associated with developmental processes such as boundary establishment and maintenance during organ initiation from Arabidopsis meristems (Laufs et al., 2004) , lateral root development (Guo et al., 2005) , formation of vegetative and floral organs (Raman et al., 2008; Huang et al., 2012) , leaf senescence (Du et al., 2014; Qiu et al., 2015) , and age-dependent cell death (Kim et al., 2009b) .
Beyond the developmental regulatory roles, some NAC TFs are associated with defense responses to pathogen infections. For example, studies have shown that AtNAC4 can promote HR by suppressing target genes LURP1, WRKY40 and WRKY54 (Lee et al., 2017) . Arabidopsis ATAF1 (a NAC TF) is a negative regulator of defense responses to bacterial and necrotrophic fungal pathogens, exemplified by enhanced susceptibility to various pathogens, such as Botrytis cinerea, Alternaria brassicicola and P. syringae (Wang et al., 2009; Wu et al., 2009) . ANAC019 and ANAC055 also negatively regulate the defense responses against necrotrophic pathogens (Bu et al., 2008) . HvNAC6 is a positive regulator of penetration resistance to biotrophic powdery mildew fungi (Jensen et al., 2007) . Functional studies have shown that some rice NAC TFs also play roles in immune responses regulation. For example, OsNAC19 is elevated at the transcriptional level by the infection of M. oryzae, suggesting that OsNAC19 may be involved in rice defense response to rice blast fungus (Lin et al., 2007) . OsNAC111 is elevated at the transcriptional level upon M. oryzae infection, over-expressing of which shows increased resistance to the rice blast fungus (Liu et al., 2010; Yokotani et al., 2014) . Rice OsNAC4 is identified as a positive regulator of hypersensitive cell death (Kaneda et al., 2009) .
Here, we provide new evidence that rice miR164a is a negative regulator of rice defense responses to the blast fungus, which functions through silencing OsNAC60 that encodes a TF. Through activating the miR164/NAC regulatory module, rice exhibits significant resistance to the blast fungus by eliciting early defense responses, activating salicylic acid (SA) signaling and defense-related gene expression reprogramming. Interestingly, we demonstrate that this miR164/NAC regulatory module is activated by multiple plant pathogens, such as M. oryzae, Rhizoctonia solani, Phytophthora infestans and Phytophthora sojae.
RESULTS

Magnaporthe oryzae infection suppresses miR164 expression
To search for rice miRNAs involved in rice innate immunity to M. oryzae infection, rice seedlings (Nipponbare; threeleaf-stage) were inoculated with M. oryzae (strain Guy11) spore suspension. The Nipponbare accession is more resistant to Guy11 infection when it is compared with a susceptible accession such as Lijiangheigu (LTH), but is relatively susceptible when compared with a resistant accession such as Kongyu 131 (Zhang et al., 2018) . Eight sRNA libraries were constructed using four total RNA samples extracted from infected rice at 0, 24, 48 and 120 h postinoculation (hpi), respectively (two samples at each time point; Table S1 ). Reads mapped to the rice genome were further searched against the miRNA database (miRBase), whereby 373 rice miRNAs were identified (Tables S2 and  S3 ). We selected miRNAs that were both constantly (same expression profiles in two biological replicates) and significantly differentially (total normalized reads >1000 and |trea-ted/mock| ≧ 2) expressed upon M. oryzae infection at an early time point (48 hpi). By using these criteria, we identified 11 rice miRNA isoforms that showed dramatic expression variation. Among these 11 miRNA isoforms, osa-miR164a, osa-miR167 h-3p, osa-miR394 and osamiR172a were downregulated, while osa-miR169a/h, osamiR398b, osa-miR1863a, osa-miR5153, osa-miR162a and osa-miR1320-5p were upregulated (Table 1) .
The expression of miRNAs was examined by Northern blots to confirm the bioinformatics predictions. A DNA fragment reverse complementary to the sequence of miR164a was used as the probe ( Figure S1a ) as osamiR164a was the most abundant isoform in the four osamiR164 variants (osa-miR164a, c, d and e) identified in our deep sequencing results ( Figure S1a and b) . Results showed that the accumulation of miR164 was significantly decreased upon M. oryzae infection, and the reduced expression sustained until the late stage ( Figure 1a ). OsamiR167 h-3p showed the reduction at 24 and 48 hpi but back to normal level at 120 hpi, while osa-miR172 showed obviously reduced expression only at 120 hpi ( Figure 1a ). The expression of osa-miR394 was under a detectable level. For these miRNAs that were predicted as upregulated by M. oryzae infection, osa-miR398b, osa-miR1863a and osa-miR5153 were under detectable levels. Expression of osa-miR169a (detected both osa-miR169a and osamiR169 h) increased at both early (24 and 48 hpi) and late (120 hpi) stages; expression of osa-miR162a was weak and steady, without obvious fluctuation; expression of osamiR1320-5p showed induced expression, as revealed by deep sequencing (Figure 1a ).
Osa-miR167 h-3p showed a significant reduction at 24 hpi, but resumed regular expression at both 48 and 120
hpi. Osa-miR167 h-3p could target OsWAK4 (Os01g20900) that encodes a WAK receptor-like cytoplasmic kinase. This miRNA was further studied and would be discussed in a separate report. Osa-miR172 is involved in flowering, palea/lemma development and spikelet determinacy (Zhu et al., 2009; Lee et al., 2014; Dai et al., 2016) . Osa-miR172 was not further pursued due to its association with developmental processes. Osa-miR169 is a negative regulator of rice immunity against the blast fungus M. oryzae, which was recently reported (Li et al., 2017b) . The function of osa-miR162 was uncharacterized yet. The Arabidopsis homolog of osa-miR162 can negatively regulate miRNA biogenesis through Dicer-Like 1 (Xie et al., 2003) . This miRNA was not further studied due to its low expression level in rice (Figure 1 ). The function of osa-miR1320-5p has not been reported yet.
The function of osa-miR164 is unknown yet. However, the Arabidopsis miR164 can target some NAC TFs, some of which play roles in plant defense responses to B. cinerea, A. brassicicola, P. syringae and powdery mildew fungus (Jensen et al., 2007; Wang et al., 2009; Wu et al., 2009) . We double-checked the in vivo expression of miR164a precursor upon M. oryzae infection. In agreement to both bioinformatics analysis and Northern blot validation, the expression level of the miR164a precursor mRNA was also dramatically reduced along M. oryzae infection, which reached the minimum at the late stage (72-120 hpi; Figure 1b) . These data implied that miR164 may play a role in rice immunity against M. oryzae. Therefore, we concentrated our study on the function of osa-miR164 in defense to the rice blast fungus.
According to the sequence complementary algorithms, miR164a could target multiple genes encoding an MYB family TF (Os01g62660), an auxin transport protein (Os09g07300), a transferase family protein (Os06g49660) and six NAC domain-containing proteins (Table S4) . We first excluded these predicted target genes with penalty score equal or more than two (score ≥2), which are less likely to be authentic target genes. We then focused on the remaining six NAC genes that are likely to be real miR164a target genes. The six NAC genes could be divided into the NAM/CUC3 and NAC1 subgroups according to amino acid sequence conservation ( Figure S2a ). OsNAC27 (Os02g36880), OsNAC4 (Os04g38720) and OsNAC92 (Os06g23650) belong to the NAM/CUC3 family, which is involved in plant development processes such as boundary establishment and maintenance (Laufs et al., 2004) , age-dependent cell death (Kim et al., 2009b) , and plant hypersensitive cell death (Kaneda et al., 2009) . OsNAC104 (Os08g10080), OsNAC60 (Os12g41680) and OsNAC11 (Os06g46270) belong to the NAC1 family, which participate in lateral root development (Xie et al., 2000; Guo et al., 2005) . We then tested the cell death-inducing ability of these OsNAC genes in N. benthamiana leaves ( Figure S2b) . Expression of OsNAC60, OsNAC104 and OsNAC11 led to obvious cell death, which was about a similar level to PsNLP and PcINF1, two known elicitors inducing cell death. OsNAC4 and OsNAC27 could also induce cell death, but to a lesser degree than these NAC1 subgroup members did. Out of these OsNAC genes, OsNAC92 was not pursued due to the extremely low expression level. We also examined electrolyte leakage from leaf disc expressing these NACs, and found that OsNAC60 and OsNAC11 induced much higher ion leakage than OsNAC4 and OsNAC27 ( Figure S2c ), which prompted us to focus study on the NAC1 members.
MiR164a suppresses OsNAC expression
We validated whether the OsNAC1 members are the authentic target genes of miR164a by transiently coexpressing miR164a and OsNACs (35::Flag: OsNACs) in N. benthamiana leaves. OsNAC104 was not examined due to the poor sequence-match with miR164a (score = 2.2; Table S4 ). When detected by an antibody against the Flag epitope, expressions of OsNAC60 and OsNAC11 were significantly reduced when compared with their co-expression with miR167, an irrelevant miRNA. The silencing effect was abolished, however, when synonymously mutated versions of OsNAC60 or OsNAC11 were tested (Figures 2a  and S3 ). Therefore, we can confidently conclude that OsNAC11 and OsNAC60 are authentic target genes of miR164a. Because OsNAC11 had no deletion mutant available, we focused our study on OsNAC60.
We then validated the relationship between miR164a and OsNAC60 in vivo. In Nipponbare infected with Guy11, the transcription level of OsNAC60 was significantly increased upon M. oryzae infection at 24 hpi, reached the highest level at 72 hpi, and continuously remained at a high level at 120 hpi ( Figure 2b ). This expression profile showed a great reverse pattern to the reduced expression of miR164a upon Guy11 infection (Figure 1 ). Taken together, our results reveal that miR164a can suppress the OsNAC60 expression, which is associated with Guy11 infection. (a) Northern blotting validation of the expression of miR164a, miR167 h-3p, miR172a, miR169, miR162a, miR1320-5p, upon M. oryzae infection. Three-leaf-stage seedlings are inoculated with 1 9 10 5 spores ml À1 of M. oryzae Guy11, and total RNA is extracted from leaves at the indicated time points; 100 lg of total RNA is loaded. RNA blots are hybridized with DNA oligonucleotide probes complementary to those miRNAs. U6 is used as a loading control. The values below each section represent the relative abundance of miRNA normalized to U6 using Image J. Similar results are obtained from at least two biological repeats.
(b) Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) analyses of the miR164a precursor; 1 lg of total RNA is used for reverse transcription. 18s-rRNA serves as an internal reference. Values represent the means AE SD of three independent samples. Student's t-test is used to determine the significance of the difference between 0 hpi and the indicated time points. The letters above the bars indicate a significant difference at a value of P < 0.01. Similar results are obtained from three biological repeats.
MiR164a over-expression and OsNAC60 mutation lead to susceptibility to M. oryzae infection
The role of miR164a in rice immunity to the infection of M. oryzae is investigated by constructing two independent transgenic lines over-expressing miR164a (#1 and #2; Figure S4a) . In the meantime, an OsNAC60 transposon insertion mutant (osnac60) was also employed ( Figure S4b ). After stab inoculation on detached leaves in a controlled environment, significantly larger lesions were formed on miR164a-OE rice leaves, indicating that over-expression of miR164a suppressed rice immunity to the blast fungus ( Figure 3a ). The enhanced susceptibility was also manifested by increased lesion diameter and fungal growth ( Figure 3b ). Consistently, when OsNAC60 was silenced, plants developed an apparently susceptible phenotype, measured by increased lesion size and fungal growth (Figure 3b) . When seedlings were spray-inoculated with Guy11 spore suspension and the disease phenotype was compared with the wild-type rice at 6 days post-inoculation (dpi), miR164a-OE rice was more susceptible than the wildtype rice (Figure 3c) Figure 3d ).
Lesion composition was analyzed by counting different types of lesions on the leaf surface. Four disease symptom types were defined by following criteria: type 1: small pinpoint-like disease lesions; type 2: lesions with 0.5-1.5 mm diameter; type 3: lesions with about 1.5-3 mm diameter; type 4: lesions with the diameter over 4 mm. As shown in Figure 3e , more type 2-4 lesions were formed on miR164a-OE rice (about 65%) than the wild-type plants (less than 40%), indicating a reduced immune response against M. oryzae infection. Surprisingly, when compared with the wild-type rice, the osnac60 rice did not show the distinct difference in lesion composition (Figure 3e ).
To further distinguish the resistant responses between the wild-type and the osnac60 rice, we examined the microscopic phenotype of these two plants. When visualized under a microscope, lesions were classified into type 1-4 categories according to appressorium formation and hypha growth on leaf sheath at 36 hpi (Figure 4a ). Type 1: no hypha but formed appressorium under microscopy observation; type 2: one hypha formed on one appressorium; type 3: branched hyphae formed on one appressorium and infected one sheath cell; and type 4: branched hyphae formed on one appressorium and infected two or more cells. Using these criteria, we compared the infection process of M. oryzae between the wild-type and transgenic lines. MiR164a-OE and osnac60 rice formed significantly less type 1 and 2 lesions than the wild-type rice did; osnac60 rice formed more type 3 while miR164a-OE rice formed more type 4 lesions than the wild-type rice did (Figure 4a) . Our results indicate that over-expression of miR164a or mutation of OsNAC60 leads to susceptibility to the blast fungus.
We further examined the expression levels of defenserelated genes in both the wild-type and mutant rice. Key components or reporter genes involved in the SA signaling pathway were examined in rice seedlings inoculated with Guy11. OsPBZ1 is a defense marker gene associated with the SA signaling pathway (Lu et al., 2015) . OsNPR1 is the rice homolog of AtNPR1, the master regulator of Arabidopsis innate immunity (Chern et al., 2005 (Chern et al., , 2016 Liu et al., 2017b) . Compared with the control lines, both OsPBZ1 and OsNPR1 were significantly repressed in miR164a-OE, and [0, 24, 48, 72, 96 , and 120 h post-inoculation (hpi)]. 18s-rRNA serves as an internal reference. Values represent the means AE SD of three independent samples. Student's t-test is used to determine the significance of the difference between 0 hpi and the indicated time points. The letters above the bars indicate significant difference at a value of P < 0.01. Similar results are obtained from three biological repeats.
to a lesser degree in the osnac60 rice at 48 hpi (Figure 4b ). We also examined key jasmonic acid (JA) signaling components and reporter genes, such as OsLOX5 and OsPDF1.2. In neither the miR164a-OE, osnac60 rice nor the wild-type rice, the expressions of OsLOX5 and OsPDF1.2 showed obvious difference after Guy11 infection (Figure S5a and b) . Our results indicate that the SA but not the JA signaling pathway is affected by the miR164a/OsNAC60 module. This result may suggest that the SA signaling pathway is affected by the over-expressed miR164a or mutation on OsNAC60.
Reactive oxygen species accumulation and callose deposition are typical early defense responses elicited by pathogen infection, which were also examined in miR164a-OE and osnac60 rice. Neither ROS accumulation nor callose deposition was obviously impacted in the miR164a-OE or osnac60 rice (Figure 4c ). This may reflect the fact that as a negative regulator of rice immunity, over-expression of miR164a would cause reduced ROS accumulation and callose deposition that has been hard to be observed in the wild-type rice, and so did the osnac60 rice. Therefore, the phenotype in OsNAC60-OE plants is deserved.
Over-expressing OsNAC60 induces cell death in Nicotiana benthamiana
Programmed cell death (PCD) is a defense response hallmark against biotrophic or hemibiotrophic pathogens (Zebell and Dong, 2015; Mukhtar et al., 2016) . We examined PCD in N. benthamiana transiently infiltrated with agrobacteria over-expressing OsNAC60. We found that OsNAC60 induced cell death at 72 hpi, as efficient as PsNLP and PcINF1, two well-characterized oomycete effectors inducing PCD in plants (Figures 5a and S2b ). In contrast, miR164a did not induce cell death but instead compromised the cell death-inducing ability of OsNAC60 at 3 dpi (Figure 5a ). When co-expressed with OsNAC60 in N. benthamiana, miR164a significantly alleviated the OsNAC60-triggered cell death and electrolyte leakage compared with expressing OsNAC60 alone (Figure 5a ). However, when co-expressed with miR167, an irrelevant miRNA, no influence on OsNAC60-triggered cell death or electrolyte leakage was observed (Figure 5b ). OsNAC60-mu (OsNAC60 with a synonymous mutation in the seed region of miR164a) could also induce cell death and electrolyte leakage, but was not suppressed by co-expressed miR164 any longer (Figure 5c ). Therefore, our results suggest that OsNAC60 is a cell death inducer, which is suppressed by miR164a when it is present.
OsNAC60 promotes early defense responses in Nicotiana benthamiana
Reactive oxygen species production, callose accumulation and defense-related genes expression are important immune responses initiated by plant cells upon pathogen infection. Whether OsNAC60 participates in these critical immune responses was investigated. When transiently expressed in N. benthamiana, OsNAC60 induced obvious ROS production as efficiently as PsNLP and PcINF1 did at 24 hpi, while miR164a did not induce apparent ROS production itself (Figure 5d ). When OsNAC60 and miR164a were co-expressed, the OsNAC60-induced ROS production was significantly reduced, suggesting miR164a negatively regulated the OsNAC60-mediated ROS production. Callose accumulation was also monitored in N. benthamiana infiltrated with agrobacteria expressing OsNAC60 and PsNLP. PsNLP and OsNAC60 induced similar callose deposition, but not when OsNAC60 and miR164a were co-expressed (Figure 5e ), further suggesting that miR164a suppressed the OsNAC60-mediated defense responses.
We also examined the expression levels of some endogenous N. benthamiana defense response genes, such as NbPR1b (Kim et al., 2009a) , NbERF1 and NbAcre31. ERF/AP2 is an ethylene-responsive factor that participates in plant immunity to biotrophic pathogens (De Sutter et al., 2005; Memelink, 2009) . Acre31 is a PTI-related marker gene (Nguyen et al., 2010) . Neither the empty vector (EV) nor the miR164a expression could induce measurable expression variation on these genes. However, when OsNAC60 was over-expressed, either at 6 or 24 hpi, the expressions of NbPR1b, NbERF1 and NbAcre31 were significantly induced. In agreement with our anticipation, when OsNAC60 and miR164a were co-expressed, the induction was suppressed dramatically (Figure 5f ). In summary, our results indicate that OsNAC60 induces multiple defense responses at the cellular level, and miR164a is a negative regulator of the OsNAC60 activity.
MiR164a is a universal negative regulator of immunity in other plant and pathogen interaction systems
The miR164 family is highly conserved in many plant species (Reinhart et al., 2002a) . Osa-miR164a, Gm-miR164a and Sl-miR164a share identical nucleotide sequences (Figure S6a) and target a group of homolog genes in these species (Os12g41680, Gm08g18470 and Gm15g40510, and Sl07g066330; Figure S6b ). Therefore, we were prompted to investigate whether the miR164-mediated defense regulation is general machinery among various plant and pathogen systems. We first tested our hypothesis by a transient assay where either mock or miR164a was first expressed in N. benthamiana, and then was subsequently followed by the infection of P. infestans and R. solani, two notorious pathogens with enormous economic impact on potato, tomato and rice, respectively. After 2 days of hyphae block infections, P. infestans and R. solani caused prominent disease symptoms on N. benthamiana that miR164a was transiently expressed, and manifested by a significantly increased lesion area compared with the vector control (Figure 6a and b) . This observation indicates that over-expression of miR164a suppresses defense to P. infestans and R. solani infection.
We also examined in vivo expression levels of the miR164 precursor and the corresponding NAC genes in multiple plant/pathogen interaction systems, both compatible and incompatible. In both the Teqing (a resistance rice accession)/R. solani (AG1-IA) and the Lemont (a susceptibility accession)/R. solani (AG1-IA) interaction systems, the expression of the osa-miR164a precursor was suppressed after infection; correspondingly, the expression of the NAC gene (Os12g41680) was induced during this stage, which showed perfect reversed expression profiles between the miRNA and target gene (Figure 6c and d) . In the Heinz (a susceptibility tomato accession)/P. infestans (Pi88069), the Sl-miR164a precursor gene exhibited a declined expression upon P. infestans infection at 24, 48 and 72 hpi; precisely, the target gene (Sl07g066330) displayed a steady increase after infection (Figure 6e ). In the Williams (a moderate resistance soybean accession)/P. sojae (P6497) interaction system, the expression of the Gm-miR164a precursor was suppressed at 24 hpi. In contrast, the GmNACs (Gm15g40510 and Gm08g18470) showed increased expression at this stage, displaying reversed expression profiles between the miRNA and its target genes (Figure 6f ). Taken together, our results indicate that the expression of miR164a is reduced after pathogen infection in multiple plant/pathogen interaction systems. Therefore, these results support the projection that miR164a is a negative regulator of plant immunity, through which the plant innate immunity is restricted to the house-keeping condition. Upon infection by a broad spectrum of pathogens, plants turn on innate immunity by suppressing miR164a expression and activating positive immune regulators such as NACs, and inducing defense responses such as ROS accumulation and callose deposition, as well as other defense-related genes.
DISCUSSION
The miR164 family is a highly conserved miRNA that has been found in many plant species (Reinhart et al., 2002b) . In rice, the miR164 family comprises six members that generate four mature products (miR164a/b/f, miR164c, miR164d, miR164e; Sunkar et al., 2008) , which could target at least six NAC genes (OsNAC027, OsNAC004, OsNAC060, OsNAC011, OsNAC092 and OsNAC104) through sequence reverse complementation (Fang et al., 2014) . In previous studies, the miR164 family guides cleavage of mRNAs of corresponding NACs, which are required for boundary establishment and maintenance (Laufs et al., 2004) , lateral root development (Xie et al., 2000; Guo et al., 2005) , formation of vegetative and floral organs (Raman et al., 2008; Huang et al., 2012) , leaf senescence (Du et al., 2014; Qiu et al., 2015) , age-dependent cell death (Kim et al., 2009b) , and plant hypersensitive cell death (Kaneda et al., 2009) . Besides their roles in plant development, whether they participate in rice innate immunity against the blast fungus is still mostly unknown. Here, we provide evidence that rice miR164a acts as a negative regulator of rice immunity against the blast fungus M. oryzae through regulating expression of OsNAC genes. In our study, both deep sequencing and Northern blotting results indicated that miR164a was significantly suppressed in Nipponbare (a relative resistant accession) by Guy11 infection since 48 hpi. In rice infected with M. oryzae, the expression of the miR164a precursor reduced significantly since 48 hpi and continued to the late stage of infection (Figure 1b) . In agreement, we observed induced expression of OsNAC60 in a reversed manner after Guy11 infection (Figure 2b) . Therefore, our results firmly demonstrate that Guy11 infection suppresses miR164a after about 48 h. Under lab conditions, Nipponbare cultivar infected by Guy11 for 48 h developed no visible disease symptoms. However, massive defense-related gene expression reprogramming has been initiated at this stage (Ebbole, 2007) . Therefore, reduction of miR164a could be one of the defense responses employed by rice against the blast fungus.
Bioinformatics analysis indicated that miR164a could target a group of NAC genes. To date, all the miR164-regulated NACs are described as players in auxin signaling and lateral root development (Guo et al., 2005) . However, functional studies have shown that several rice NAC TFs such as OsNAC19, OsNAC111 and OsNAC4 could regulate immune responses (Lin et al., 2007; Kaneda et al., 2009; Yokotani et al., 2014) . Considering the connection between miR164a expression and M. oryzae infection, and the association between defense responses and NAC TFs, the relationship between the miR164/NAC regulatory module and defense responses to M. oryzae warrant in-depth investigation.
By applying sequence complementary criteria and experimental validation, we finally focused on the study of miR164a and OsNAC60. In both miR164a-OE and osnac60 rice, resistance to the blast fungus dramatically decreased. Susceptibility was revealed by multiple irrefutable pieces of evidence, including more extensive lesions, increased lesion numbers on the leaf surface, greater fungal growth in leaf tissue, and more severe disease symptoms when assessed by lesion composition (Figure 3) . Interestingly, in contrast to the miR164a-OE lines that showed more type 2-4 lesions than the wild-type rice, the lesion composition on osnac60 rice did not show a discernible difference to the wild-type rice when observed with the naked eye (Figure 3e ). This is a good indication that besides OsNAC60, other OsNACs may also play a role. This was confirmed by the transient expression of OsNAC11, which induced obvious PCD in N. benthamiana leaves ( Figure S2b ). On the other hand, the contribution of OsNAC60 was also incontestable. Multiple evidence, such as measuring lesion size, numbers and fungal biomass, or microscopy lesion composition, supports a decisive role that OsNAC60 plays in defense to the blast fungus (Figures 3 and 4) . OsNAC11 might have a similar function, but was not investigated due to the lack of knockout mutant.
We further confirmed the function of the miR164a/ OsNAC60 regulatory module by measuring cell death, ROS accumulation, callose deposition and defense-related gene expression. Our results indicated that OsNAC60 alone could efficiently induce cell death, which was revealed either by chlorosis and dehydration on the leaf surface, or ion leakage measured by leaf discs ( Figure 5) . Convincingly, the induced cell death was abolished when the wild-type OsNAC60 was co-expressed with miR164a, but not its synonymous mutant (OsNAC60-mu). Similar evidence was obtained when ROS accumulation, callose deposition and defense-related gene expression were evaluated ( Figure 5 ). Therefore, our data indicate that OsNAC60 is a positive immune regulator, and miR164a retains its activity. Keeping defense activity in an inactivated mode is a significant advantage that successful plants evolved. miRNAs have been proven as a perfect immune constraint factor in multiple plant species, including Arabidopsis, rice, wheat, cotton, tobacco and Medicago (Navarro et al., 2006; Zhai et al., 2011; Zhang et al., 2011; Li et al., 2012 Li et al., , 2017b Shivaprasad et al., 2012; Niu et al., 2015) . In this view, osa-miR164a functions as an immune regulator that restricts rice defense response under normal conditions but could be rapidly activated upon M. oryzae infection.
Furthermore, we concluded that the SA signaling pathway may be affected by the miR164a/OsNAC60 regulatory module. This conclusion was based on the fluctuation of SA-related reporters. High endogenous SA level has been reported in rice, which argues an involvement of this phytohormone in rice defense responses (Vlot et al., 2009; Dong et al., 2014; Liu et al., 2017a) . However, it has been reported that the potency of SA-induced rice defense is effective against diverse pathogens with different lifestyles and various infection strategies, from the hemibiotrophic M. oryzae and bacterial leaf blight pathogen Xanthomonas oryzae pv. oryzae (Xoo), to the necrotrophic root pathogens such as Pythium graminicola and Heterodera oryzae (Shimono et al., 2007; De Vleesschauwer et al., 2008 , 2012 Chen and Ronald, 2011; Nahar et al., 2012; Boatwright and Pajerowska-Mukhtar, 2013; Xu et al., 2013) . In contrast, the JA signaling reporters were not affected, indicating these genes were not involved in the miR164a/NACs regulatory module.
Moreover, this miR164a/NACs regulatory module appeared to be conserved in multiple plants and pathogen interaction systems. Rice blast and rice sheath blight are the most severe rice diseases ravaging major rice cultivation regions. Magnaporthe oryzae and R. solani infections suppressed miR164a expression at the early stage, which was followed by elevated expression of the OsNAC60 in vivo (Figure 6 ). Phytophthora sojae and P. infestans are important pathogens threatening soybean and tomato production, respectively. Our results also demonstrate that miR164a rapidly responds to the infections of these oomycete pathogens. Consequently, the target genes (NAC homologs) displayed an instant induction upon infections. Based on their ability to promote disease resistance in N. benthamiana (Figure 6a and b) , we speculate an enhanced disease resistance in plants when the miR164a/ NACs regulatory module is activated.
The Nipponbare/Guy11 infection system is normally regarded as an incompatible interaction system. Therefore, the reduced expression of miR164 would be interpreted as a Guy11 infection-initiated suppression of a host gene that facilitates colonization, instead of a rice-initiated defense response. However, we noticed that reduced expression of miR164 is a prevalent observation in various plant/pathogen interaction systems either compatible or incompatible, such as in the Teqing (a resistance rice accession)/ R. solani (AG1-IA) and the Lemont (a susceptibility accession)/R. solani (AG1-IA) interaction systems, the Heinz (a susceptibility tomato accession)/P. infestans (Pi88069) system, and the Williams (a moderate resistance soybean accession)/P. sojae (P6497) interaction system. We anticipate that in the Nipponbare/Guy11 infection, resistance is still elicited although it has been regarded as a typical 'resistance accession' to Guy11 infection. Therefore, our study proposes that the miR164/OsNAC regulatory module is a defense mechanism conserved in multiple plant/pathogen systems. It may appear ineffective when it is targeted by pathogen effectors. For example, the oomycete RxLR effector (Pi03192) can target several NbNAC TFs and disarm the host defense (McLellan et al., 2013) . We speculate that there are unidentified M. oryzae effectors that counteract the miR164-mediated resistance and lead to an overall susceptible phenotype.
The miR164 family is an ancient miRNA group that is conserved in multiple plant species with diverse developmental function. In the current study, we reveal the involvement of miR164 in plant defense responses against the rice blast fungus and point out that the miR164a/NACs regulatory module may be a universal immune regulator to multiple pathogens. This discovery may lead to developing broad-spectrum disease management techniques in the future. In the next step, it will be interesting to know how the function of miR164 is coordinated in response to developmental and environmental cues.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Rice (Oryza sativa japonica 'Nipponbare') was used in this study, as well as for constructing of the transgenic lines such as miR164a-OE. The transformation was performed by using Agrobacterium tumefaciens-mediated transformation and hygromycin selection. Osnac60 mutant was provided by Rice Tos17 Insertion mutant Database (NE0256). All the rice lines were grown in the greenhouse at 25°C and 70% relative humidity with a 12/12 h of day/night light. Nicotiana benthamiana plants were planted at 25°C with 12/12 h of day/night light and used for Agrobacterium infiltration experiments.
Pathogen infection assay and microscopy analysis
The wild-type strain of M. oryzae used for infection was Guy11, provided by Zhang's lab (Nanjing Agricultural University). The M. oryzae strain was grown on complete medium for 1 week and transferred into RDC medium for 5 days at 28°C, then under UV black light for about 4 days for sporulation. Three-leaf-stage seedlings were inoculated by spray-inoculating entire plants, using 1 9 10 5 spores ml À1 for inoculation, and the same volumes of the spore suspension of the 20 strains were mixed for spraying inoculation (Qu et al., 2006) . Disease symptoms were recorded at 6 dpi, and the lesion types were assessed from 1 (resistance) to 5 (susceptible) using rice blast disease classification standard (Mackill, 1992) . Then the leaves were slightly wounded with a pin-punch, and 10 ll spore suspension (5 9 10 5 spores ml
À1
) was added to the wound. Relative fungal biomass was calculated using the DNA level of Guy11 MoPot2 in infected plant tissue against the rice genomic ubiquitin DNA level by quantitative reverse transcriptasepolymerase chain reaction (qRT-PCR; Park et al., 2012; . To observe the cellular response in rice to M. oryzae infection, Guy11 was injected on 5-cm-long rice leaf sheath as described (Kankanala et al., 2007) . The inoculated epidermal layer was excised and analyzed under the microscope at 36 hpi.
Library construction, deep sequencing and bioinformatics analysis of the sRNAs Small RNAs libraries were constructed and sequenced as described by the Illumina protocol (Mi et al., 2008) . The sRNA sequencing reads were preprocessed with the procedure of highquality control and adapter trimming. Following adapter trimming, a certain length of sRNAs was compared with the O. sativa nuclear, chloroplast and mitochondrial genome (http://rice.plantbi ology.msu.edu/, version 6.0) by the bowtie. Next, only the reads that matched perfectly to rice genome were used for further analysis. The normalized abundance of sRNAs was calculated as reads per million.
Target gene prediction for sRNAs was performed by bioinformatics. No gap or bulge within the alignment between the sRNA and the target was allowed, and the 10th nucleotide of the sRNA must perfectly match its target. At most one mismatch or two wobbles were allowed from 2 to 12. A maximum of two consecutive mismatches was permitted, and a score of 2.5 was used a cut-off.
Northern blot analysis of the sRNAs RNA-blot analyses for sRNAs from total extracts were performed as previously described (Qi et al., 2005; Mi et al., 2008) . Three-leafstage seedlings were spray-inoculated as entire plants with 1 9 10 5 spores ml
. Total RNA was extracted by Trizol (Invitrogen, Carlsbad, CA, USA) at 0, 24, 48 and 120 hpi, respectively. miRNA probes were end-labeled with r-32 P-ATP by T4 polynucleotide kinase (NEB). Probes used for RNA-blot were listed in Table S5 .
RT-PCR analysis of the sRNAs and predicted targets
Total RNA was extracted from the infected sample using the Trizol method. RNA was treated with DNase and reverse transcription (Takara, Dalian, Liaoning, China), then used with real-time PCR (Takara) to detect the abundance of miRNAs and their predicted targets. Primers used for reverse transcription and real-time PCR amplification were listed in Table S5 .
Transient transformation assays in Nicotiana benthamiana
The Gateway pEarley vector (with Flag tag) was used for expression of miRNA target genes and target-mu genes. miRNA was cloned into the miR319a backbone vector (Schwab et al., 2006) and then transferred into the Gateway pEarley vectors (with Flag tags) for expression. After co-expression of miRNA and its target gene at about 36 h, we examined the protein accumulation of the target gene by Western blot.
Antibody for Western blot came from Abmart. Transient coexpression assays in N. benthamiana were performed as described in Zhang et al. (2011). 3,3'-Diaminobenzidine (DAB) staining assays H 2 O 2 accumulation in plant tissue was stained by DAB, referring to a previous report (Xiao et al., 2003) . Leaf sections were placed in 1 mg ml À1 of DAB (Sigma, St. Louis, MO, USA) and shook at 26°C for 8 h in a dark place. Then leaf sections were decolorized in ethanol:acetic acid (94:4) solution at 26°C for 8 h in a dark place. The stained leaf was observed under a camera.
Aniline blue staining
Callose deposition was visualized by aniline blue staining, as described previously (Clay et al., 2009; Luna et al., 2011) . Leaves were fixed in ethanol:acetic acid (94:4) solution for 8 h, and then stained with 1 mg ml À1 aniline blue in 150 mM sodium phosphate (pH 7.0) in the dark for more than 1 h at room temperature (25°C). Stained leaves were mounted using 50% glycerol. Callose was observed under a microscope (Olympus, Tokyo, Honshu Island, Japan).
Electrolyte leakage assay
Cell death was assayed by measuring ion leakage from leaf discs (Yu et al., 2012) . For each sample, five leaf discs (1 cm diameter) were floated on 5 ml distilled water for 3 h at room temperature. Then, the conductivity of the bathing solution was measured with a conductivity machine (Con 700; Consort, Turnhout, Belgium) to give value A. The leaf discs were then returned to the bathing solution and boiled in sealed tubes for 25 min. After cooling the solution to room temperature, the conductivity was measured again to obtain value B. For each measurement, ion leakage was expressed as percent leakage, that is (value A value B 9 100).
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